We recently showed that, after traumatic spinal cord injury (TSCI), laminectomy does not improve intraspinal pressure (ISP), spinal cord perfusion pressure (SCPP), or the vascular pressure reactivity index (sPRx) at the injury site sufficiently because of dural compression. This is an open label, prospective trial comparing combined bony and dural decompression versus laminectomy. Twenty-one patients with acute severe TSCI had re-alignment of the fracture and surgical fixation; 11 had laminectomy alone (laminectomy group) and 10 had laminectomy and duroplasty (laminectomy + duroplasty group). Primary outcomes were magnetic resonance imaging evidence of spinal cord decompression (increase in intradural space, cerebrospinal fluid around the injured cord) and spinal cord physiology (ISP, SCPP, sPRx). The laminectomy and laminectomy + duroplasty groups were well matched. Compared with the laminectomy group, the laminectomy + duroplasty group had greater increase in intradural space at the injury site and more effective decompression of the injured cord. In the laminectomy + duroplasty group, ISP was lower, SCPP higher, and sPRx lower, (i.e., improved vascular pressure reactivity), compared with the laminectomy group. Laminectomy + duroplasty caused cerebrospinal fluid leak that settled with lumbar drain in one patient and pseudomeningocele that resolved completely in five patients. We conclude that, after TSCI, laminectomy + duroplasty improves spinal cord radiological and physiological parameters more effectively than laminectomy alone.
Introduction
T raumatic spinal cord injury (TSCI) is a devastating condition that affects about 40 people per million per year in the United States.
1 About a third of these patients have no motor or sensory function below the level of injury on admission (i.e., they have a complete injury). The prognosis of complete cervical spinal cord injury is poor; about 80% remain paralyzed 2 and nearly 40% remain ventilator dependent. 3 In the U.S., the annual cost of caring for TSCI patients was estimated at $19 billion in 2011. 4 The surgical and neuro intensive care unit (NICU) management of acute severe TSCI is variable. There is no consensus on the optimal timing of surgery: half of U.K. neurosurgeons operate within 3 d of the injury 5 and 80% of international spinal surgeons within 24 h of the injury. 6 There also is no consensus amongst U.K. neuroanesthesiologists on the optimal values of physiological parameters, such as mean arterial pressure (MAP) or arterial partial pressure of oxygen (paO 2 ) and carbon dioxide (paCO 2 ). 5 Published guidelines form the Joint Section on Spine and Peripheral Nerves of the American Association of Neurological Surgeons and Congress of Neurological Surgeons recommend MAP of 85-90 mm Hg for 5-7 d after TSCI. 7 The management of TSCI is inadequate because there is no monitoring from the injured spinal cord to allow the treating doctors to define the optimal values of physiological parameters.
We recently reported a novel method to monitor intraspinal pressure (ISP) and spinal cord perfusion pressure (SCPP) at the site of injury in TSCI patients in NICU. 8 The procedure involves inserting a Codman pressure sensor intradurally between the swollen spinal cord and the dura. Our data show that after severe TSCI, ISP is high (typically 20-40 mm Hg) and SCPP low (typically 40-60 mm Hg). By intervening to increase SCPP, we could improve outcome in some patients as assessed using motor evoked potentials and a limb motor score. Mannitol administration, reduction in PaCO 2 , and increase in sevoflurane dose had little effect on ISP after TSCI, even though these maneuvers have a major effect on intracranial pressure (ICP) in traumatic brain injury (TBI). 9 Increasing the dose of inotropes caused an increase in ISP and MAP but with a net increase in SCPP. Together, our findings show that it is possible to safely monitor ISP and SCPP after TSCI in NICU for up to a week and that intervening to change ISP and SCPP can influence outcome.
The role of early bony decompression after TSCI to reduce spinal cord ischemia is controversial. 10 The Surgical Timing in Acute Spinal Cord Injury Study concluded that early bony decompression improves outcome after TSCI 11 but has been criticized on methodological grounds. 10 Our recent study showed that the dura is a major cause of spinal cord compression after TSCI. 8 This finding may explain why studies of bony decompression without dural opening have not convincingly shown a beneficial effect on outcome. 10 Bony decompression without opening the dura in TSCI is analogous to a decompressive craniectomy without durotomy for TBI, which is largely ineffective at reducing ICP. 12 Here, we investigate whether bony decompression combined with dural decompression (expansion duroplasty) safely and effectively improves ISP, SCPP and spinal cord pressure reactivity after TSCI.
Methods

Institution research board approval
Approvals for the study, including the consent form and patient information sheet, were obtained from the St. George's Joint Research Office and the National Research Ethics Service LondonCamberwell St Giles Committee (No. 10/H0807/23).
Patient recruitment and follow-up
We recruited patients ages 18 to 70 years old with severe TSCI (American Spinal Injury Association [ASIA] A-C). Exclusion criteria were: 1) patients who could not consent or had other major injuries or co-morbidities; 2) time from injury to surgery more than 72 h; and 3) penetrating spinal cord injury. For the duration of the study (i.e., up to a week), patients were nursed in the NICU and were turned regularly to prevent pressure sores. Neurological examination was conducted by a neurosurgery resident in accordance with the International Standards for Neurological Classification of Spinal Cord Injury 13 pre-operatively, at the time of transfer to a rehabilitation facility (at about three to four weeks), and at six months in the outpatient clinic.
Surgical technique
All patients had a posterior approach to realign and stabilize the spine. Spinal stabilization involved lateral mass screws for cervical injuries and pedicle screws for thoracic injuries. The first 11 patients had laminectomy without opening the dura (termed the laminectomy group). The extent of laminectomy was based on the extent of cord edema seen on magnetic resonance imaging (MRI). Four patients in the laminectomy group also had anterior cervical fixation and fusion. The last 10 patients (termed the laminectomy + duroplasty group) had laminectomy, followed by incising the posterior aspect of the dura longitudinally in the midline under a microscope. The length of the laminectomy and dural incision was estimated from the length of the swollen spinal cord edema on the pre-operative MRI. No patients in the laminectomy + duroplasty group had anterior cervical fixation and fusion. After opening the dura in the laminectomy + duroplasty group, we could see the ISP probe. In each of the 10 patients, the ISP probe was in the subdural space, thus confirming that our insertion technique was safe and did not result in intraparenchymal placement of the ISP probe. We then sutured an elliptical patch of artificial dura (Durepair Ò ; Medtronic, Hertfordshire, UK) to the dural edges to expand the intradural space. The duroplasty was supplemented with fibrin glue (Tisseel Ò ; Baxter, Newbury, Berkshire, UK). The surgical procedure is summarized in Figure 1A .
MRI scan analysis
MRI scans (1.5T; Philips Integra, Guildford, Surrey, UK) were obtained pre-operatively (Fig. 1B) , at two to three weeks postoperatively (Fig. 1C) , and at six to eight months post-operatively. The mid-sagittal anteroposterior (AP) diameter of the most compressed part of the dura was measured (D i ) on the T2 images. The percent increase in D i (post-operative compared with pre-operative) was computed as [ 
where D a and D b are the AP diameters of the mid-vertebral dura above and below the level of injury, respectively. In all patients, we examined the post-operative mid-sagittal T2-weighted MRI for the presence of cerebrospinal fluid (CSF) anterior and posterior to the injured spinal cord. In the laminectomy + duroplasty group, we examined the post-operative mid-sagittal T2-weighted MRIs for spinal cord expansion into the extra space created by the duroplasty. We also looked for the presence of pseudomeningocele in all post-operative scans.
ISP and arterial blood pressure (ABP) monitoring
The ISP probe was inserted in the operating theater. We first reduced and fixed the spinal fracture, inserted metalwork to stabilize the spine and performed laminectomies. At the end of this procedure, before closing the wound, a 14-gauge introducer was used to tunnel the ISP probe (Codman Microsensor Transducer, Depuy Synthes, UK and Ireland) through the skin into the wound. We used a 21-gauge needle bent at 90°to perforate the posterior aspect of the dura and arachnoid one level below the injury. The 90°b ent prevents cord damage when perforating the dura. The dural perforation was widened with a blunt hook. Some CSF leaked through the dural hole, allowing the arachnoid to collapse onto the surface of the cord, thus enlarging the subdual space. To monitor ISP, the Codman probe was calibrated and advanced subdurally, under an operating microscope, through the dural hole until the probe tip was at the site of maximal spinal cord swelling according to the MRI scan. The ISP probe was secured to the skin with silk sutures and a tightening stitch around the exit site to prevent CSF leak. We monitored ABP from a radial artery with the catheter kept at the same level as the ISP probe. Videos showing the ISP probe insertion technique are shown in our earlier publication. 8 The probe was connected to a Codman ICP Express monitor, in turn connected to a PowerLab data acquisition device via a ML 221 amplifier running LabChart v7.3.3 (ADInstruments, Oxford, UK). The arterial blood pressure output was taken from the bedside patient monitoring system (Philips Intellivue MX800; Philips, Guildford, Surrey, UK) and connected to the PowerLab. ISP and ABP were recorded at 100 Hz using LabChart for up to a week. Satisfactory probe position was confirmed with a post-operative CT scan within 24 h of insertion (Fig. 1C ).
SCPP and sPRx
We calculated the SCPP signal, defined as MAP minus ISP. sPRx, a measure of spinal cord pressure reactivity, is the running 866 PHANG ET AL.
correlation coefficient between ISP and MAP calculated over a 5-min period. 8 If sPRx £ 0, spinal cord pressure reactivity is intact, but if sPRx > 0, spinal cord pressure reactivity is impaired. The spinal cord indices ISP, SCPP and sPRx are analogous to the brain indices ICP, cerebral perfusion pressure (CPP) and pressure reactivity index (PRx), respectively. 14 
Patient position
Patient position (supine or lateral) was recorded hourly on the nursing chart throughout the monitoring period and was analyzed retrospectively. In the supine position, the patient was lying directly on the wound with a pillow under the head and neck. In the lateral position, the patient was lying at about a 30°to 45°angle on the left or right, with two supporting pillows positioned away from the wound. For the laminectomy + duroplasty patients, we averaged the ISP for the lateral versus supine positions over each 24-h period.
Outcome measures
To determine whether laminectomy + duroplasty produces longterm neurological deterioration, we compared the ASIA grade, the Walking Index for Spinal Cord Injury (WISCI II), 15 and bladder and bowel Spinal Cord Independence Measure (SCIM III) 16 of the laminectomy versus the laminectomy + duroplasty groups.
Statistical analysis
Primary outcomes are MRI-based (increase in intradural space, CSF around the injured cord) and physiological (ISP, SCPP, sPRx). The study requires six patients in the laminectomy + duroplasty group and six in the laminectomy group to detect the following differences by two-tailed Student's t test (a = 0.05; power = 0.9): increase in AP dural diameter of 50 versus 10 % with standard deviation (SD) = 20; ISP of 20 versus 16 mm Hg with SD = 2; SCPP of 80 versus 64 mm Hg with SD = 8; and sPRx of 0.2 versus 0.0 with SD = 0.1. The study requires seven patients per group to detect CSF around the injured cord in 80 versus 0 % MRI scans by v 2 test (a = 0.05; power = 0.8). Data were analyzed using IBM SPSS Statistics (v. 20.0). For ISP, SCPP, increase in intradural space, and sPRx, we compared means of two groups using the two-tailed Student's t test. CSF around the injured spinal cord and cumulative frequencies of ISP and SCPP were compared using the v 2 test. Onesample t test was used to test the effect of patient position on ISP.
Results
Patient demographics
All eligible patients were asked to enter the study. We recruited a total of 21 patients aged 43.5 -3.2 years (mean -standard error). Fifteen of 21 (70 %) were male, 16/21 (76%) had complete injuries (ASIA A) and 11/21 (52%) had cervical injury. Eleven of 21 patients (52 %) had laminectomy (laminectomy group) and 10/21 (48 %) had laminectomy and expansion duroplasty (laminectomy + duroplasty group). Several characteristics were comparable in the laminectomy versus the laminectomy + duroplasty groups, including mechanism of injury, age, sex ratio, pre-operative ASIA grade, length of spinal cord signal change on MRI, level of injury, time to surgery, surgical approach, duration of surgery, duration of ISP monitoring, and number of levels laminectomized (Table 1 ). There was no dural laceration in 
MRI scans
All patients had good quality pre-operative MRI scans. MRI scans performed at 2-3 weeks after surgery were uninterpretable due to artifact from the metal construct in five patients (four laminectomy, one laminectomy + duroplasty). Before surgery, the laminectomy versus the laminectomy + duroplasty groups had comparable AP diameter (mean -standard error) of the dural sac at and near the level of injury; D i(preop) = 8.1 -0.6 mm versus 6.6 -0.7 mm and (D a + D b )/2 = 11.1 -0.5 mm versus 10.8 -0.7 mm.
Comparison of the pre-operative versus post-operative (done at two to three weeks) MRI scan revealed that duroplasty increased the AP diameter of the dural canal at the injury site significantly more than laminectomy alone ( Fig. 2A) . CSF signal around the cord-an indicator of satisfactory decompression of the swollen spinal cord-was evident in the MRI scans done at 2-3 weeks of 78 % of laminectomy + duroplasty versus 0 % of laminectomy patients (Fig. 2B) . In 78 % of laminectomy + duroplasty patients, the spinal cord expanded into the space created by the duroplasty (Fig. 2C) .
Complications
There were no complications in the laminectomy group. In the laminectomy + duroplasty group, 1/10 patients developed CSF leak through the wound on Day 1 post-operatively (which was treated successfully with lumbar drainage for 5 d) and 5/10 of patients had pseudomeningoceles evident on the first postoperative MRI, which had resolved completely within six months (Fig. 2D ). There were no other complications, such as wound infection, meningitis, spinal cord associated hematoma, or worsening neurological deficit (post-operative vs. pre-operative ASIA grade). There was no progressive post-operative kyphosis on serial MRI at a mean follow-up of 38 weeks based on the Cobb angle (immediate post-operative 28.4 -3.60 vs. 27.8 -3.80 at follow-up).
ISP and SCPP
ISP recordings were taken from 11/11 laminectomy patients and 9/10 laminectomy + duroplasty patients. In one laminectomy + duroplasty patient, the probe was dislodged into the paraspinal muscles at Day 1. The period of ISP recording was comparable in the laminectomy and laminectomy + duroplasty groups ( Table 1) . The ISP waveform was remarkably similar to the ICP waveform with percussion, tidal, and dicrotic peaks (Fig. 3A) . Plot of fourhourly mean ISP against time showed that ISP was lower in the laminectomy + duroplasty versus laminectomy group (overall mean -standard error 12.7 -0.4 vs. 18.0 -0.5 mm Hg; p < 0.01; Fig. 3B ). Compared with laminectomy, laminectomy + duroplasty caused a significant left-shift of the ISP cumulative frequency curve (Fig. 3C ). This indicates that more time is spent at a lower ISP after laminectomy + duroplasty versus laminectomy. Figure 3D shows the four-hourly mean SCPP plotted against time. SCPP after laminectomy + duroplasty was higher than after laminectomy (overall mean -standard error, 83.1 -1.1 mm Hg vs. 66.8 -1.3; p < 0.05). Compared with laminectomy, laminectomy + duroplasty caused a significant right-shift of the SCPP cumulative frequency curve (Fig. 3E ). This indicates that more time is spent at a higher SCPP after laminectomy + duroplasty versus laminectomy.
Spinal cord pressure reactivity
Representative ISP, SCPP, and sPRx signals recorded simultaneously from one patient are shown in Figure 4A . The signals are divided into three intervals: a, b and c. In a, there is a sudden increase in SCPP without any change in ISP (indicating increased spinal cord perfusion due to a rise in MAP), which is accompanied by a decrease in sPRx (i.e., improved spinal cord pressure reactivity). In b, there is a progressive increase in ISP and decrease in SCPP (probably indicating increasing compression of the injured, swollen spinal cord against the surrounding dura), which is associated with a rise in sPRx (i.e., impaired pressure reactivity). In c, ISP falls and SCPP rises (i.e., reduced spinal cord swelling and improved spinal cord perfusion) associated with a fall in sPRx (i.e., improvement in spinal cord pressure reactivity). For each patient, we averaged sPRx over the entire monitoring period. Compared 
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with the laminectomy group, the laminectomy + duroplasty group had significantly lower average sPRx (i.e., improved spinal cord vascular pressure reactivity; Fig. 4B ). There was a U-shaped relationship between sPRx and SCPP for the laminectomy + duroplasty group, as well as the laminectomy group (Fig. 4C) . The SCPP at the minimum sPRx (i.e., the SCPP that produces the best spinal cord pressure reactivity) is termed SCPPopt. Figure 4D shows that SCPPopt = *90 mm Hg for the laminectomy as well as the laminectomy + duroplasty groups. For SCPP 50-110 mm Hg, the sPRx of the laminectomy + duroplasty group is lower than the corresponding sPRx of the laminectomy group. At high SCPP ( > 110 mm Hg), the sPRx of the laminectomy + duroplasty group is higher than the corresponding sPRx of the laminectomy group. Figure 4D shows the relationship between sPRx versus SCPP for two laminectomy patients (Patient 1, Patient 2). The large difference in SCPPopt between Patient 1 and Patient 2 (70 and 100 mm Hg) suggests high inter-patient variability in SCPPopt. We, therefore, plotted SCPPopt for individual laminectomy as well as laminectomy + duroplasty patients. Two laminectomy + duroplasty patients who did not have a U-shaped relationship between sPRx versus SCPP were excluded. SCPPopt varied between 60-120 mm Hg between patients, with the group average at *90 mm Hg.
Patient position
We hypothesized that duroplasty exposes the injured spinal cord to compression forces applied to the wound. This suggests that ISP may rise in the supine versus lateral position in bed. Figure 5A shows representative ISP and SCPP signals from a patient with a thoracic spinal cord injury that had duroplasty lying in different positions. In this patient, lying supine was associated with higher ISP and lower SCPP, compared with lying laterally. The difference in ISP between the supine and lateral positions averaged over 24 h (ISPsup -ISPlat) and corresponding difference in SCPP (SCPPsup -SCPPlat) for the laminectomy + duroplasty patient group were plotted against time (Fig. 5B) . Lying supine versus laterally caused, on average, a rise in ISP by * 2 mm Hg in the first 4 d after surgery with a corresponding fall in SCPP. The maximum ISPsup -ISPlat observed in a patient was *7 mm Hg and the minimum SCPPsupSCPPlat was -11 mm Hg. Together, our data show that lying supine produces a small increase in ISP and a small decrease in SCPP. In some patients these changes may be large enough to be clinically significant.
Patient outcome
Follow-up was 25.8 -4.7 months after laminectomy versus 9.4 -0.7 months after laminectomy + duroplasty (mean -standard error; p < 0.005). In general, all laminectomy + duroplasty patients with incomplete cervical and thoracic spinal cord injuries (ASIA B, C) and some patients with complete cervical spinal cord injuries (ASIA A) on admission improved their ASIA grade at follow-up. No recovery was seen in any of the four laminectomy + duroplasty patients who presented with a complete thoracic spinal cord injury on admission (ASIA A). Change in ASIA grade (ASIA grade at follow-up minus ASIA grade at presentation), walking ability, bladder function, and bowel function were better in the laminectomy + duroplasty versus the laminectomy group, though not significant at p < 0.05 (Fig. 6) . These data suggest that laminectomy + duroplasty does not cause neurological deterioration in the first few months after surgery.
Discussion
Our key finding is that in patients with acute severe TSCI, laminectomy + duroplasty safely improves ISP, SCPP, and sPRx. MRI examination revealed that the injured spinal cord is more effectively decompressed by laminectomy + duroplasty, compared with laminectomy alone. Duroplasty can be easily performed in 15 min at the end of spinal fixation surgery and is technically straightforward; it involves suturing an elliptical piece of artificial dura to the durotomy edges.
We set out to investigate laminectomy + duroplasty after TSCI following our recent study, which showed that laminectomy alone does not reduce ISP or SCPP effectively. This study identified the dura as a major cause of spinal cord compression after injury. 8 Failure to open the dura does not effectively decompress the spinal cord and may explain why early bony decompression alone is 
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controversial after TSCI. 10 Laminectomy + duroplasty for TSCI involves bony and dural decompression and is analogous to decompressive craniectomy for TBI that involves craniectomy and durotomy. 12 Our data show that expansion duroplasty markedly increases the space around the injured spinal cord, thus allowing the spinal cord to expand. Our earlier study showed that, after TSCI, ISP is high and SCPP is low. 8 Expansion duroplasty eliminates the dural compression, thus leading to reduction in ISP and increase in SCPP at the injury site. After laminectomy, SCPP is less than 60 mm Hg about 40 % of the time, compared with less than 5% of the time after laminectomy + duroplasty. These changes in ICP and SCPP produced by laminectomy + duroplasty might reduce secondary ischemic damage to the injured spinal cord. 17 Laminectomy + duroplasty did not worsen the ASIA grade of any of the patients. Though our study was not powered to detect differences in functional outcomes, there were non-significant trends of improved walking ability, and bowel and bladder functions in the laminectomy + duroplasty group versus the laminectomy group. ASIA A thoracic TSCI patients did not benefit from laminectomy + duroplasty, whereas two-thirds of ASIA A cervical TSCI recovered substantially. This indicates that ASIA A thoracic TSCI is more severe than ASIA A cervical TSCI. Possible explanations include the less extensive collateral vascular supply in the thoracic than the cervical spinal cord, 18 the presence of a watershed region in the mid-thoracic spinal cord, 18 and the greater force required to fracture the poorly-mobile thoracic than the cervical spine. CSF leak through the wound was seen in a patient and resolved by lumbar drainage. The most common complication after laminectomy + duroplasty was asymptomatic pseudomeningocele that resolved completely in six months.
sPRx is improved more after laminectomy + duroplasty than after laminectomy alone. In the laminectomy and in the laminectomy + duroplasty patients, the relationship between sPRx and SCPP is Ushaped, suggesting that both spinal cord hypoperfusion and hyperperfusion may be detrimental. This is similar to the U-shaped relationship between PRx and cerebral perfusion pressure after TBI. 19 Decompressive craniectomy after TBI causes derangement in PRx, 20 but laminectomy + duroplasty after TSCI improves sPRx. The reason for this difference between PRx and sPRx after decompression is unclear. Though SCPPopt was *90 mm Hg for the entire patient group, there is marked inter-patient variability, which supports individualized treatment for TSCI. The laminectomy + duroplasty group had lower sPRx than the laminectomy group at SCPP 50-110 mm Hg. At SCPP > 110 mm Hg, sPRx was lower in the laminectomy than the laminectomy + duroplasty group. A possible explanation is that at very high SCPP, the extra space produced by duroplasty allows marked circumferential expansion of the injured spinal cord, which impairs its vascular reactivity.
Our data suggest that nursing care may have a major influence on outcome. In the supine position the wound is compressed, leading to a rise in ISP and a fall in SCPP, which may exacerbate spinal cord ischemic damage. We suggest that for the first 4 d after surgery, patients should be nursed in the lateral position or supine by positioning a ring-shaped pillow round the wound. After Day 5, lying supine had no effect on ISP or SCPP.
Laminectomy + duroplasty also might benefit patients with edematous transverse myelitis (e.g., associated with neuromyelitis optica). 21 In neuromyelitis optica patients, the swollen spinal cord appears compressed against the surrounding dura, which may cause high ISP and low SCPP. This observation suggests that in longitudinally extensive transverse myelitis, ischemia may play a key but unappreciated role in causing secondary damage. By reducing ISP and increasing SCPP, laminectomy + duroplasty might improve outcome in this patient group.
There are a few published reports of dural decompression after TSCI. Perkins and Deane performed durotomy in six patients with TSCI in whom the theca appeared tense after bony decompression; three recovered completely and three partially. 22 In a pig model of contusion TSCI, increased thecal sac dimensions were associated with reduced cord compression and reduced cord pressure at the injury site. 23 Durotomy also reduced interstitial spinal cord pressure after TSCI in ex vivo pig spinal cords. 24 In rodent models of TSCI, durotomy with duroplasty improves outcome more than durotomy without duroplasty. 25 In rats, durotomy without duroplasty is associated with more macrophage accumulation, cystic cavitation and fibroblast proliferation than durotomy with duroplasty. 26 Dural continuity also prevented epidural and spinal cord fibroblast proliferation and scar formation. 27 Together, the animal experiments suggest that opening the dura is advantageous for relieving ISP, but a dural patch is required to reduce spinal cord inflammation and scarring. Our data also are suggestive of benefits, which need to be followed up with a larger randomized, controlled trial.
